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11 INTRODUCTION
1.1 Background
The Delamere sandsheet is an extensive area covered by fluvio-glacial sand and gravel 
deposits located towards the north-west margin of the Cheshire Plain (Figure 1.1). The 
sandsheet is an important source of construction sand and gravel, supplying 47% of the 
North West Region’s needs from a number of quarries.
Over the 16 year period between 2004 and 2020, the sub-regional apportionment of 
aggregate production adopted by the North West Regional Assembly requires that 
24.75 Mt of sand and gravel be provided from within Cheshire. The Cheshire 
Replacement Minerals Local Pan 1999 states that future reserves of sand and gravel will 
not be released from outside the Areas of Search identified by the Plan unless 
exceptional circumstances prevail. Much of the Delamere area is identified within the 
Area of Search for sand and gravel.
The Delamere sandsheet also supports a number of important conservation sites. 
Oakmere candidate Special Area of Conservation (cSAC) and Abbots Moss (part of the 
West Midlands Mosses cSAC) are internationally important lowland open water and 
peatland conservation sites, designated for their oligotrophic and dystrophic waters which 
are rare in England. This water chemistry is associated with Schwingmoor development, 
a characteristic of this habitat type in the West Midlands. Schwingmoor is an advancing 
floating raft of bog-moss Sphagnum, often containing NVC type M3 Eriophorum 
angustifolium bog pool community, which grows from the edge of the pool and can 
completely cover the pool. Abbots Moss is recognised as one of the best areas in the UK 
for Schwingmoor development, whilst Oakmere is recognised primarily for its shoreline 
weed community.
The requirements of the EU Habitats Directive (Conservation of Natural Habitats and of 
Wild Flora and Fauna) are transferred into British Law through the Conservation (Natural 
Habitats & c.) Regulations 1994 (commonly referred to as the Habitats Regulations). 
Under these Regulations, the Mineral Planning Department of Cheshire County Council 
(Cheshire CC hereafter), as the competent and relevant authority, must undertake an 
appropriate assessment where it is thought that new or existing Council-authorised 
aggregate extraction activities will have, or have, a significant effect either individually or 
in combination with other authorised activities on Special Areas of Conservation (SAC) or 
other European sites.
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Guidance from English Nature suggests a four-stage tiered risk assessment for the 
determination of whether or not a permission is adversely affecting a site. The stages 
are:
• Stage 1: Identifying permissions which are relevant to the Review for a 
European Site.
• Stage 2: Identifying which permissions are likely to have a significant 
effect on the European Site.
• Stage 3: Appropriate assessment to establish whether the permissions 
are having (or will have) an adverse effect on the integrity of the European 
Site.
• Stage 4: Affirming, amending or revoking permissions as appropriate.
Stage 1 and 2 assessments of aggregate extraction activities in the vicinity of Oakmere 
and Abbots Moss cSACs have been completed by Cheshire CC. A number of aggregate 
extraction sites (and. related permissions) which are likely to have a significant effect on 
the cSACs have been identified. The foremost criterion for identification of these sites, as 
agreed with English Nature (pers. comm. Tim Gannicliffe, English Nature, 2004) was their 
being located within 3 km of a cSAC. In all cases the likely significant effects are 
hydrogeological, ie, impacts on groundwater flows, levels or quality.
Figure 1.2 is a map on which the area within 3 km of either Oakmere and Abbots Moss 
cSACs has been delineated. Aggregate extraction sites located within this area which 
are the subject of relevant permissions are also identified. Table 1.1 lists details for each 
of the aggregate extraction sites. It includes an initial screening of the hydrogeological 
impacts of the activities at the sites and, based on this, a comment on whether the site 
was included in the detailed impact assessment.
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Table 1.1 Details of aggregate extraction sites located within 3 km of a cSAC in the Delamere area
Quarry name NGR 
(centre of 
site)
Status Method of working initial impact screening Detailed impact 
assessment?
Cobden Farm 358681 Planning consent held on greenfield Extraction to +1.2 m highest GWLs (to Small surface water lagoon to be created Yes.
367405 site. May 1999). under present consent.
Fishpool 357188 Currently working, but scheduled to Extraction to +1.9 m ‘average' GWLs. Possible transient surface water at high Yes.
366845 close 2004. Additional 0.75 m soils for restoration. GWLs.
Cherry Orchard Farm 356628 . Currently working. Due for closure Historical extraction below the water table, No evidence of existing surface water Yes.
368064 during 2012. current extraction to 73.5 maOD with 
restoration to 74 maOD.
lagoons. Possible transient surface water 
at high GWLs.
Fourways 357490 Former working. Extraction below water table Large existing surface water lagoon. Yes.
368765
Fourways extension 358142 Current working. Extraction to 72.5 maOD. Planned Possible transient surface water at high Yes.
368989 restoration to forestry and grassland. GWLs. -
Crown Farm 357217
370013
Current working. Former extraction below water table 
created a small surface water lagoon. 
Current temporary working permission to 
69 maOD in the south-west and 68 maOD 
in the north-east (grid-line 369800N being 
the dividing line). Current application for 
extraction to +0.5 m Feb 2001 GWLs, plus 
0.5 m topsoils and restoration to 
heathland and grassland.
Existing surface water lagoon has grown 
in extent because of rising GWLs.
Yes.
Delamere 356361
369711
Currently dormant, future working. Extraction below the water table, 
historically by dredging.
Possible creation of large, deep surface 
water lagoon.
Yes.
Hogshead Lane 358639
369137
Disused working. Restoration complete c. 2000. Small areas of surface water lagoons 
during high GWLs, 2003.
No.
Kennel Wood 359933 Currently dormant. Possible future working below water table. Possible creation of surface water lagoon. Yes.
370171
Forest Hill 361181 Current working. Current extraction above water table. No impacts foreseen. No.
371506
Dalesford Lane 360323 Former working Extraction above water table. No impacts apparent. No.
370101
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Since the possibility of Council-permitted aggregate extraction activities having a 
significant impact on Oakmere and/or Abbots Moss had not been discounted in the 
Stage 2 assessments, Stage 3 appropriate assessments were required.
In December 2003, Water Management Consultants (WMC) were commissioned by 
Cheshire CC to carry out the hydrogeological aspects of the Stage 3 appropriate 
assessments. WMC had previously completed appropriate assessments on the possible 
impacts of Environment Agency-authorised groundwater abstractions on Oakmere and 
Abbots Moss cSACs (Environment Agency, 2003). The detailed conceptual 
understanding of the hydrogeology of the Delamere sandsheet which was developed 
during that project has informed the current work to a significant degree.
1.2 Scope of work
The aim of the study was to carry out Stage 3 appropriate assessment, under the EU 
Habitats Directive (92/43/EEC), of the possible hydrogeological impacts of aggregate 
extraction activities authorised by the Cheshire CC on cSACs located on the Delamere 
sandsheet, Cheshire.
There are two aims for this study. Firstly:
• To identify the mechanisms through which aggregate extraction activities 
could impact the hydrogeological environment at either Oakmere or 
Abbots Moss cSACs.
• To establish whether there is evidence, in the form of observed 
groundwater levels or other data, of hydrogeological impacts caused by 
aggregate extraction activities at the cSACs.
• To construct a numerical groundwater flow model (or models) of the 
groundwater system, with which to investigate and quantify impacts.
• To produce a technical report forming the basis of the appropriate 
assessment of hydrogeological impacts, as required under Stage 3 of the 
Habitats Regulations.
Secondly, to identify the future potential impacts of the continued extraction of sand and 
gravel reserves from above and below the water tables from within the Delamere 
sandsheet, thus releasing reserves identified within the Area of Search of the Cheshire 
Replacement Minerals Local Plan 1999. This aspect of the study should assist in 
identifying the implications of further working within Delamere for North West sub-regional 
apportionment. _
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52 TOPOGRAPHY, GEOLOGY AND HYDROGEOLOGY OF THE 
DELAMERE SANDSHEET1
2.1 Topography
Figure 2.1 is an extract from the 1:10,000 Ordnance Survey map of the area (Explorer 
Series, Sheet 267). Along with Figure 2.2, it shows that the top surface of the sandsheet 
is relatively flat, lying at an elevation of between 75 and 80 maOD. Ground levels fall 
sharply at the edge of the sandsheet to around 60 maOD on the top surface of the 
surrounding Upper Boulder Clay. The sandsheet is incised with steep-sided valleys 
which have cut as much as 10 m into the original surface.
Immediately to the west of the sandsheet, the mid-Cheshire Ridge rises to a height of 
over 175 m.
2.2 Geology
The solid geology of the area (Figure 2.3) consists of two main units brought into contact 
by the East Delamere Fault. To the west of the East Delamere Fault, the upthrown more 
permeable Helsby Sandstone (Sherwood Sandstone Group) crops out, forming the 
topographic high of the mid-Cheshire ridge. To the east of the fault the less permeable 
Northwich Halite (Mercia Mudstone Group), including Siltstones, mudstones and 
occasional thick beds of rock salt, is mainly covered with drift.
The drift sequence in the area comprises three main components; Lower Boulder Clay, 
Middle Sands and Upper Boulder Clay (Hull, 1864). It is generally accepted that this 
sequence is the result of one glacial advance and retreat with, in broad terms, the Lower 
Boulder Clay deposited during the advance, the Middle Sands deposited during the 
retreat and the Upper Boulder Clay being melt-out till and flow till redistributed during the 
later retreat phase. The drift deposits in the Delamere area are accepted to have been 
entirely deposited by Irish Sea ice moving over the area from the north-west.
The most important component of the drift deposits in the area in relation to the current 
study is the Middle Sands, a large proportion of which form the Delamere sandsheet 
(Figure 2.4). The majority of the sandsheet is located over the subcrop of the Mercia 
Mudstone Group formations, with a small strip to the west of the East Delamere Fault 
overlying the subcrop of the Helsby Sandstone. Borehole records (eg, Earp and Taylor, 
1986) show the whole drift sequence to be over 90 m thick in the centre of the sandsheet.
1 This section is based closely on Section 5 of Environment Agency (2003) with the permission of 
Keith Seymour from the Environment Agency, Warrington.'_______________________________________
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The sandsheet is believed to have been formed when drainage waters from the 
Quaternary glaciers were impounded by ibe fronts and rock ridges. This impoundment 
lasted long enough to deposit the outwash sands and gravels which now form the 
sandsheet. Ridges in the sand remain, representing dominant channels in the braided 
stream system.
The sand component of the sandsheet is homogeneous over vertical intervals of up to 
10 m, and it is probably laterally homogeneous over many hundreds of metres. The clay 
component is found in horizontal bands which vary in thickness between a few 
centimetres and about one metre. The majority of these clay bands appear to be laterally 
persistent over only a few hundred metres, although the thicker ones are generally more 
persistent. For example, a 1 m thick, laterally extensive, clay band has been identified at 
an elevation of 50 maOD within the sandsheet.
The remaining drift is peat lying in local topographic depressions, such as Oakmere and 
Abbots Moss. At Oakmere the peat deposits cover a much larger area than the current 
lake, and a map of Oakmere from 1817 confirms that the lake used to cover the entire 
area of peat.
2.3 Hydrogeology
2.3.1 Hydraulic properties
The hydraulic conductivity of the fine to medium sands encountered in the Oakmere and 
Abbots Moss areas was measured to be around 3 m/d (Environment Agency, 2003). The 
hydraulic conductivity of the clay layers has not been determined, but it is likely to be of 
the order of 10"5 m/d (Domenico and Schwartz, 1990).
The presence of the horizontal clay bands has a fundamental influence on the hydraulic 
conductivity of the sandsheet. On a scale much smaller than that of the characteristic 
lateral extent of the clay bands (eg, at any one point over the sandsheet), they cause the 
vertical hydraulic conductivity of the deposit to be many orders of magnitude lower than 
the horizontal hydraulic conductivity. At a scale larger than that of the characteristic 
lateral extent of the clay bands, their influence on the vertical hydraulic conductivity will be 
reduced. Hence, whilst the vertical hydraulic conductivity will still be less than the 
horizontal hydraulic conductivity, their values will be much closer.
The majority of the Delamere sandsheet rests on a subcrop of the Northwich Halite 
(Mercia Mudstone Group). The vertical hydraulic conductivity of this formation is of the 
order of 10'3 m/d. A narrow strip (c. 500 m) of the sandsheet along its western edge rests 
on a subcrop of the Helsby Sandstone (Sherwood Sandstone Group). The hydraulic 
conductivity qfjthis formation is of the order of 1 m/d.
2.3.2 Groundwater recharge and groundwater flow
Rainfall-derived recharge occurs over the whole of the sandsheet. Groundwater 
discharges from the sandsheet primarily as baseflow to the streams which flow in the 
steep-sided valleys which incise the deposit. Groundwater also discharges along the 
western edge of the sandsheet into the adjacent and underlying Sherwood Sandstone.
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Groundwater flow within the sandsheet, to a first approximation, can be considered to be 
radial. A high point in groundwater levels exists around 600 m to the south of Oakmere 
and groundwater levels fall from this in all directions. The hydraulic gradient at any point 
within the sandsheet appears to be a function of its proximity to a groundwater discharge 
zone. Hence, in the centre of the sandsheet, at a maximum distance from the 
groundwater discharge zones, hydraulic gradients are relatively shallow. Close to 
groundwater discharge points hydraulic gradients are much steeper. It is thought that this 
water table profile is caused by horizontal hydraulic conductivity being much higher than 
vertical hydraulic conductivity within the sandsheet.
Another effect of the contrast between vertical and horizontal hydraulic conductivity is that 
groundwater flow and circulation is relatively shallow. It is most probable that the base 
level of significant groundwater flow is coincident with the elevation of the streams 
draining the sandsheet, and it is likely that the majority of flow is at higher levels.
2.3.3 The hydrogeology of Oakmere and Abbots Moss cSACs
Comparison of the behaviour of groundwater levels in the vicinity of Oakmere with that of 
the surface water level of Oakmere, over a range of timescales, reveals very similar 
behaviour, implying that Oakmere is in good hydraulic continuity with the groundwater 
system. In simple terms, this means that surface water levels in Oakmere are an 
expression of the local water table.
Although over the longer-term the level of Oakmere will be the same as that of the 
surrounding groundwater, short-term differences in level can develop as a result of the 
higher sensitivity of surface water levels to evaporation or rainfall. During the summer, 
lake levels fall more rapidly than groundwater levels causing groundwater to flow into the 
lake. This is probably the explanation for the higher nutrient levels seen in Oakmere 
during extremely dry periods (Savage et al, 1992). Also, during the summer, and on a 
shorter timescale, lake levels will rise as a result of significant rainfall events whilst 
groundwater levels are unlikely to rise because of limited recharge (because of large soil 
moisture deficits). Hence, water will flow from the lake to the groundwater system.
Unfortunately, surface water levels within Abbots Moss are not recorded, and therefore 
their relationship with the surrounding groundwater system has not been established. It is 
considered unlikely, however, that a significantly different situation to that at Oakmere 
exists at Abbots Moss, and it is therefore assumed that Abbots Moss is in hydraulic 
continuity with the groundwater system.
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Figure 2.1 Extract from the 1:10,000 OS Survey map - Delamere area
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Figure 2.4 Drift geology of the Delamere district
3S-4COO 356000 358000 3SOOOC 362000 364000 366000
Drift Geology
Alluvial Fan deposits 
Alluvium
Glaciofiuvial deposits 
Glaciofluvial Sheet deposits 
Glaciolacustrine deposits 
Peat
River Terrace deposits 
River Terrace deposits 1 
River Terrace deposits 2 
Till
No drift
354QQ0 asecoo 353000 360000 362G00 364000 366000
93 MECHANISMS THROUGH WHICH AGGREGATE EXTRACTION 
ACTIVITIES CAN IMPACT THE GROUNDWATER ENVIRONMENT
3.1 Conceptual models of impact mechanisms
3:1.1 Introduction
There are six principal mechanisms through which aggregate extraction activities can 
affect the hydrogeological environment. These can be divided into two groups; those 
relating to wet working (ie, aggregate extraction below the water table) where large and 
potentially deep surface water lagoons are formed, and those relating to dry working 
(extraction above the watertable).
3.1.2 Impacts from wet working
The most significant effect of aggregate extraction through wet working is the creation of 
potentially large and deep surface water lagoons. The surface water lagoon at Fourways 
Quarry, immediately to the north of Oakmere, is a good example of this type of feature.
There are four mechanisms through which the creation of large and deep surface water 
lagoons can affect the hydrogeological environment;
1) A local increase in transmissivity. Surface water lagoons act as highly 
transmissive pathways for groundwater flow. In simple terms, the removal 
of aggregates from below the water table removes the resistance to 
groundwater flow offered by the aggregates in situ. Figure 3.1 a&b shows 
the results of a very simple groundwater flow model which was constructed 
to simulate the effects of such an increase in transmissivity. The model 
consisted of a uniform groundwater flow field (between two lines of 
constant heads), with the surface water lagoon represented by an area of 
greatly increased transmissivity.
In cross-sectional view (Figure 3.1a), the surface of the lagoon (an 
expression of the water table) has a very low hydraulic gradient. At the 
upstream end of the lagoon groundwater levels have been lowered by the 
creation of the surface water body, whilst at the downstream end 
groundwater levels have been raised. In plan view (Figure 3.1b), it can be 
seen that the. creation of a surface water lagoon alters the local 
groundwater flow pattern, with upgradient convergence of flow towards the 
lagoon and downgradient divergence of flow.
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2) A reduction in groundwater recharge. In simple terms, groundwater 
recharge occurs when rainfall exceeds evapotranspiration. Before a 
surface water lagoon is created, evapotranspiration occurs from vegetation 
and bare soil, whereas afterwards evaporation is from the open water 
surface. Because; a) open water evaporation is greater than potential 
evapotranspiration (from grass and soil), and b) actual is often lower than 
potential evapotranspiration because of variable soil moisture availability, 
open water evaporation is greater than evapotranspiration. This means 
that the development of a surface water lagoon creates a passive 
groundwater abstraction.
3) Actual groundwater abstraction. Water is abstracted through aggregate 
extraction activities by: a) export from a site of aggregates with a residual 
moisture content, and b) enhanced evaporative losses during processing 
of the aggregates, eg, moving, washing, etc. This type of abstraction is 
termed consumptive use by the Environment Agency and is assumed to 
represent 5% of the total groundwater abstraction licenced at the site. 
Obviously, this mechanism is only relevant whilst a quarry is being worked.
4) Creation of a highly permeable vertical flowpath. facilitating deeper 
groundwater flow. This mechanism applies primarily to aquifers, such as 
the Delamere sandsheet, which exhibit vertical anisotropy (ie, in this case, 
where horizontal hydraulic conductivity is significantly higher than vertical 
hydraulic conductivity). The main consequence of vertical anisotropy 
under natural conditions is that groundwater flows preferentially in shallow 
horizons because of the resistance to downwards (and therefore deeper) 
flow. The removal of aggregates, and therefore the removal of the vertical 
resistance to flow, creates a highly permeable vertical flowpath, promoting 
groundwater flow at deeper levels than previously.
3.1.3 Impacts from dry working
There are two mechanisms through which aggregate extraction through dry working, and 
subsequent restoration, can affect the hydrogeological environment:
1) A decrease in unsaturated zone thickness leading to an increase in 
evapotranspiration. The potential hydrogeological impact of restored dry 
workings depends on the thickness of the unsaturated zone, ie, the 
thickness of unsaturated materials (in situ aggregates and top soil) .above- 
the water table. Reduction of the thickness of the unsaturated zone to Jess 
than the maximum rooting depth of the vegetation used for restoration will 
mean that the vegetation will be able to access moisture directly from the 
water table (or the capillary fringe) such thgt evaporation is much less 
constrained by soil moisture deficits.
Information on maximum rooting depths for the types of vegetation on the 
Delamere sandsheet has proved relatively hard to locate. The current best 
estimates are as follows; grazing pasture 0.5-1.5 m, heathland 0.5-1.5 m, 
trees (coniferous and broadleaf) 2.5 m, although there is significant 
variation within these broad classes.
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2) A change in vegetation upon restoration, leading to an increase or 
decrease in groundwater recharge. Evapotranspiration varies with 
vegetation type so that the type of vegetation chosen for restoration will 
have a direct effect on the amount of groundwater recharge at a site. 
Hence, since evapotranspiration from conifers is higher than that from 
grass, if aggregate extraction sites are restored as coniferous plantation, 
there will be less recharge over the site than if it had been restored to 
grassland.
3.2 Quantitative assessment of impacts
3.2.1 Introduction of a semi-generic, numerical model for impact assessment 
Introduction
In order to assess quantitatively the impacts of the various mechanisms described above, 
it was decided to use numerical groundwater flow modelling. During work on a similar 
project on the Delamere Sands (Environment Agency, 2003), it had been established that 
for technical reasons construction of a full 3D groundwater flow model would be relatively 
resource intensive, and therefore outside the scope of the current project. With this in 
mind, it was decided to construct a relatively simple 2D vertical slice model with which to 
assess impacts. The model was constructed to simulate groundwater flow along a line of 
section running through Oakmere cSAC and the surface water lagoon within the 
Fourways Quarry immediately to the North. Whilst this line of section is clearly 
site-specific, it was realised that the model would not be capable of simulating the 
small-scale details of groundwater flow along the section. It was also noted that the 
groundwater flow field within the sandsheet, being essentially radial, does not conform to 
the ideal for construction of a vertical slice model. The model was therefore viewed as a 
semi-generic representation of the system with two functions:
1) Generic quantitative assessment of the impacts of surface water lagoons 
on the hydrogeological environment.
2) Scoping level assessment of the impact of the Fourways Quarry surface 
water lagoon on the hydrogeological environment of Oakmere cSAC.
Model construction
The vertical slice model was constructed to represent a 4.4 km line of section running 
north-south through both Oakmere and the Fourways surface water lagoon (Figure 3.2). 
The southern end of the section was approximately at the point of highest groundwater 
levels within the sandsheet, just south of Oakmere, and the northern end was at 
Stonyford Brook, into which a significant amount of groundwater discharge is thought to 
occur. The cross-section, including available groundwater levels and geology, is 
presented in Figure 3.3.
The groundwater modelling code used was MODFLOW (McDonald and Harbaugh, 1984), 
operating through the Groundwater Vistas user-interface. The model grid is shown in 
Figure 3.4. The horizontal grid spacing was 100 m. In order to facilitate assessment of 
the effect of vertical anistropy (ie, different hydraulic conductivity in the horizontal and 
vertical dimensions) the model was split vertically into four layers. The base of the model 
was set at 40 maOD, coincident with a proved laterally continuous clay layer below which 
it is unlikely that significant groundwater flow occurs.
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Groundwater recharge was estimated using a method developed by the Environment 
Agency, which is based on an FAO vegetation water requirements calculation method 
(Hulme et al, 2001 and FAO, 1998). This method takes account of rainfall, 
evapotranspiration, land-use, vegetation type and soil properties in providing recharge 
estimates. The dominant soil type in the area is classified by the National Soil Resources 
Institute as Crannymoor, a deep well-drained sandy soil associated with glaciofluvial drift. 
This soil type was used to calculate recharge, with land use being either grassland or 
woodland. It was assumed that, because of the high infiltration capacity of the sandy 
soils, surface water runoff over the sandsheet is not significant. The mean (1982 to 2001) 
recharge was estimated to be 397 mm/year (47% of rainfall) for grassland and 
367 mm/year (44% of rainfall) for woodland.
Recharge over areas of open water was calculated as the difference between rainfall and 
open water evaporation. The mean (1982-2001) recharge for these areas was estimated 
to be 282 mm/year, approximately 25% less than recharge over vegetated areas.
Groundwater discharge from the line of section is as baseflow to Stonyford Brook. In the 
model, the brook was represented as a constant head boundary cell set at 55 maOD 
which is the elevation of the brook where it is intersected by the line of section.
The layers were all assigned unconfined aquifer status within MODFLOW, and rewetting 
of cells was made active. The model was run in steady state so that simple, average 
conditions could be assessed.
Base-case model
A base-case (or no impacts) model was constructed in which the Fourways surface water 
lagoon was simulated as a pre-quarrying in situ sand body. The hydraulic conductivity of 
the sand aquifer was set as uniform and isotropic at 2.8 m/d, which is the mean value 
derived from field hydraulic testing of Environment Agency boreholes close to Oakmere 
(Environment Agency, 2003). Estimated recharge for grassland was used. Oakmere 
was simulated as a lake, using a very high hydraulic conductivity (relative to the 
surrounding sand) of 1000 m/d and applying open water recharge.
Initial simulations resulted in groundwater levels which were far too high across the model 
(c. 120 maOD). Since the groundwater recharge and effective aquifer depth were known 
with reasonable certainty, it was decided to increase the hydraulic conductivity until the 
model simulated observed groundwater levels. It was necessary to increase the 
hydraulic conductivity from 2.8 m/d to 20 m/d to achieve this.
^  .... ... m .
A review of the hydraulic conductivity data for the sandsheet and the methods used to^  
obtain them suggests that there is justification, independent of the findings of the 
modelling, for suggesting that the actual hydraulic conductivity is higher than the 
measured values. It was reported in Environment Agency (2003) was that the 
Environment Agency boreholes surrounding Abbots Moss had not been developed 
sufficiently, and therefore that their hydraulic connection to the surrounding formation was 
somewhat compromised. Given that the Environment Agency boreholes close to 
Oakmere had been drilled at the same time and by the same method, it is reasonable to 
suggest that the functioning of these boreholes could have been similarly compromised, 
resulting in falsely low hydraulic conductivities being derived during the field testing. It is 
also relevant to note that values within the literature for the hydraulic conductivity of 
clean, medium grain size sand are usually higher than 2.8 m/d, eg, 10-100 m/d in Freeze 
and Cherry (1979).
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The increase in the model hydraulic conductivity lowered the simulated groundwater 
heads (Figure 3.5) to more realistic levels along the section, although the simulated levels 
from the base case model could not be compared directly with observed levels as there 
was ho monitoring of groundwater levels before the creation of the surface water lagoon 
at Fourways. It was decided at this point that the model was adequate to estimate the 
hydrogeological impacts of surface water lagoons.
3.2.2 Quantitative impact assessment 
Wet working
In order to assess the impact of a surface water lagoon (eg, the lagoon at Fourways 
Quarry) on groundwater levels at a cSAC located upgradient of the lagoon (eg, 
Oakmere), the various mechanisms described in Section 3.1.2 were represented in the 
model.
The first change to the model was to increase the hydraulic conductivity in the model cells 
representing the surface water lagoon from 20 m/d to 1,000 m/d. This was done in order 
to simulate the hydraulic effect of replacing extracted aggregates with water within the 
lagoon and the consequent local increase in transmissivity. Figure 3.5 shows that the 
increase in transmissivity caused the hydraulic gradient across the Fourways lagoon to 
reduce significantly, as indicated in reality by the relatively flat surface of a lagoon. 
Upstream of the lagoon, the change caused groundwater levels (including the level of the 
lake within the cSAC) to be reduced by around 1 m. Groundwater levels downstream of 
the lagoon were not affected because the amount of water flowing through the system 
was unchanged.
The next change that was made to the model was to alter the recharge applied to the 
surface water lagoon such that it reflected recharge to open water (282 mm/a or 
0.8 mm/d) rather than recharge to grassland (397 mm/a or 1.1 mm/d), thus simulating a 
passive abstraction of 115 mm/a or 0.3 mm/d. Figure 3.5 shows that this change reduced 
groundwater levels along the entire model, with the largest additional reductions being 
around 0.6 m in the vicinity of the surface water lagoon and the cSAC.
In order to assess the impact of consumptive use of groundwater by aggregate extraction 
activities, it was assumed that groundwater is extracted directly from the surface water 
lagoon. Taking Fourways Quarry as an example, the effect of consumptive abstraction 
(5% of the licensed abstraction of 3.8 x 106 m3/a) on the water balance of the lagoon was 
calculated by dividing the abstraction by the surface area of the surface water lagoon 
(5.2 x 105 m).
The calculation showed that consumptive abstraction causes a volume equivalent to 
1 mm/d over the area of the Fourways lagoon to be removed. When combined with the 
reduced recharge over the lagoon (0.8 mm/d), this gave a net ‘recharge’ of -0.2 mm/d for 
application to the area of the model representing the Fourways lagoon. Figure 3.5 shows 
that this change caused a reduction in groundwater levels over the entire model, with the 
largest additional reduction being around 2 m in the vicinity of the lagoon and the cSAC.
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In order to assess the effect of a surface water lagoon creating a highly permeable 
vertical flowpath, a further base case model was constructed in which vertical hydraulic 
conductivity (0.02 m/d) was 1000 times less than horizontal hydraulic conductivity 
(20 m/d). Simulated groundwater levels in this model were slightly higher than for the 
isotropic model, as expected. Inclusion of the surface water lagoon in this model caused 
groundwater levels to fall upstream of the lagoon, but the effect was not significantly 
greater than for the isotropic model. At this level of assessment, therefore, it was 
concluded that the action of a surface water lagoon as a highly permeable vertical 
flowpath is unlikely to have a significant impact on nearby groundwater levels.
Dry working
The possible impacts of dry working and subsequent restoration were also explored using 
the model.
In order to assess the impacts of a decrease in unsaturated zone thickness leading to an 
increase in evapotranspiration through roots having direct access to the water table, the 
recharge model was re-run assuming that actual equalled potential evapotranspiration (ie, 
evapotranspiration not constrained by soil moisture deficits). For grassland, the long-term 
average recharge for this condition was estimated as 367 mm/yr (by coincidence, the 
same recharge estimate as for woodland).
In order to assess the relative impacts of such a change in recharge, the base case 
model was modified such that the lower recharge figure was applied over the area of the 
Fourways site. Figure 3.6 shows the results of this simulation. As expected, the 
reduction in recharge caused a small lowering of groundwater levels along the whole 
model, with a reduction in levels of approximately 0.15 m at Oakmere.
The possible impacts on groundwater recharge and groundwater levels of a change in 
vegetation at a site can also be assessed from Figure 3.6. As mentioned above, the 
recharge estimate for woodland is the same as that for grassland where 
evapotranspiration is unrestrained by soil moisture deficits. Hence, if it is imagined that 
the grassland over the area of the Fourways site within the base case model is replaced 
with woodland upon restoration, the predicted impacts on groundwater levels will be the 
same as those shown in Figure 3.6. Hence, the reduction in recharge caused by 
replacement of grassland with woodland is predicted to reduce groundwater levels by 
around 0.15 m at Oakmere.
It is interesting to note that the predicted impacts described above of dry working are 
around an order of magnitude lower than the predicted impacts of the creation of. a. 
surface waterTagoon in the same position relative to a cSAC.
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4 SITE-SPECIFIC IMPACT ASSESSMENT
4.1 Cobden Farm
Cobden Farm is a greenfield site for which a planning consent to extract aggregates is 
held (Figure 1.2). The hydrogeologically-relevant environmental conditions on the 
planning consent are extraction of aggregates to a level 1.2 m higher than the highest 
recorded groundwater levels to May 1999. The creation of a small, shallow surface water 
lagoon is also consented, with the remainder of the land being restored back to 
agriculture and a small (3.5 Ha) area of heathland.
Recording of groundwater levels in seven piezometers at Cobden Farm started in 
October 1995. Taking the groundwater levels recorded across the site on 26 May 1999, 
and assuming that 0.6 m of soils will be placed on top of the base level of extraction for 
restoration, the elevation of the restored ground surface at Cobden Farm will range from 
70.98 to 73.37 maOD.
Although the practice of calculating the base level of extraction from observed 
groundwater levels is a good one, in this case there is only a short (c. four years) 
groundwater level record, in hydrogeological terms, to be considered. It is therefore 
useful to try to view the groundwater levels observed between 1995 and 1999 at Cobden 
Farm in the context of a longer groundwater level record in order to assess the long-term 
impacts of the restoration strategy. In order to do this, the long-term groundwater level 
record for the Heath Lanes observation borehole (NGR: SJ 5532 3921) has been used. 
This borehole is located around 30 km south of Oakmere and is completed in the Triassic 
Sherwood Sandstone.
In Figure 4.1, the Heath Lanes groundwater level hydrograph has been fitted to the 
available record for piezometer 95/2A by the use of a multiplier and an offset. It can be 
seen that during the period of coincident record, a reasonable fit has been achieved 
between the two hydrographs. Since the medium- and longer-term variation in 
groundwater recharge at Heath Lanes and Cobden Farm will be similar, it is proposed 
that the fitted Heath Lanes hydrograph can be used tentatively as a surrogate long-term 
groundwater level hydrograph for piezometer 95/2A. Considering Figure 4.1, it can be 
seen that the groundwater level on the 26 May 1999, whilst being the highest during the 
1995-1999 period, is probably about the average groundwater level for the 1971-2004 
period.
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The restored ground surface at piezometer 95/2A will be 73.37 maOD. From Figure 4.1, 
it can be estimated, based on the surrogate groundwater levels for 1971-2004, that the 
average unsaturated zone thickness will be around 2.1 m, and that the thickness will 
reduce to around 1.3 m for relatively brief periods during the periodic rises in groundwater 
levels. Based on the rooting depths given in Section 3.1.3, it is evident that the projected 
thickness of the unsaturated zone would be less than the rooting depth of coniferous 
trees, and therefore that the roots of coniferous trees would have direct access at most 
times to the water table, thus increasing evapotranspiration and reducing recharge. The 
roots of grass and heathland vegetation would be unlikely to reach the water table except 
during periods of very high groundwater levels and therefore groundwater recharge would 
be largely unaffected. In order to minimise the risk of a hydrogeological impact on 
Oakmere, it is therefore recommended that the site is restored to grassland and/or 
heathland.
4.2 Fishpool
The Fishpool site is currently working but is scheduled for closure in late-2004/early-2005. 
The hydrogeologically-relevant environmental conditions on the planning consent are 
extraction of aggregates to a level 1.9 m higher than average groundwater levels, 
although the method for determining these average levels does not seem to have been 
agreed. An additional 0.75 m of soils will be added for restoration. The site will be 
restored back to agriculture (initially grassland) with a small (0.5 Ha) water body and a 
series of tree belts.
Groundwater level monitoring started in six piezometers within the Fishpool site in 
October 1997. The period for which records are available (1997-2004) is atypical in 
groundwater level terms, including periods of exceptionally high (2001) and low (1997) 
groundwater levels. In order to estimate a representative average groundwater level, the 
long-term hydrograph for Heath Lanes was again used, this time being fitted to the 
hydrograph for piezometer FP97/24 at Fishpool (Figure 4.2). Again a reasonable fit was 
achieved between the two hydrographs.
From Figure 4.2, the average groundwater level between 1971 and 2004 for piezometer 
FP97/24 can be estimated from the surrogate hydrograph as 71.85 maOD. Calculated 
from this level, the restored ground surface at piezometer FP97/24 would be 74.5 maOD, 
giving an average unsaturated zone thickness of 2.65 m. This thickness is larger than the 
rooting depth of grass, and therefore if the above method of determining an average 
groundwater level is accepted, there is a low risk of the roots of vegetation having direct 
access to the water table.
In conclusion, it is noted that the Fishpool site is in a particularly sensitive location,.,iQ 
relation to possible groundwater level impacts on Oakmere as it forms part of the 
recharge area for the groundwater system upgradient of the lake. It is therefore 
recommended that the site is restored with heathland or grassland rather than coniferous 
plantation in order to maintain the rate of recharge over the area of the site.
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4.3 Cherry Orchard Farm
The Cherry Orchard Farm site is currently working and is due for closure during 2012. 
Historically, there has been extraction below the water table and a surface water lagoon 
exists at the site. Aggregate extraction is currently consented to a base level of
73.5 maOD, with restoration of ground surface to 74 maOD.
No recent (post-2000) groundwater level data was available for this site, and the available 
groundwater level data (1999-2000) was not available in digital format. The interpretation 
for this site has therefore been based on the findings of a hydrogeological report 
produced in connection with the planning application for an extension to the workings, 
produced by environmental consultants (Entec, 2000).
The main conclusion of the Entec report in the context of the current study is that the 
restored ground levels are likely to be at least 1.5 m above the water table over most 
parts of the site, and at least 1.0 m above the water table on the southern margin of the 
site. The estimated thickness of the unsaturated zone would be less than the rooting 
depth of coniferous trees, and therefore the roots of coniferous trees would be likely to 
have direct access to the water table, thus increasing evapotranspiration and reducing 
recharge. The roots of grass and heathland vegetation would be unlikely to reach the 
water table except during periods of very high groundwater levels and therefore 
groundwater recharge would be largely unaffected. In order to minimise the risk of a 
hydrogeological impact on Oakmere, it is therefore recommended that the site is restored 
to grassland and/or heathland.
4.4 Fourways
Previous extensive working below the water table (starting in 1971) has led to the 
creation of a large, deep surface water lagoon, the southern shore of which is around 
200 m north of the northern shore of Oakmere.
The most direct way to assess the possible impacts of the surface water lagoon on 
Oakmere cSAC is through comparison of the observed level of Oakmere before and after 
the lagoon was created. Figure 4.3 shows the available water level data for Oakmere, 
with data for 1945-51 coming from the Mid- and South-East Cheshire Water Board (via 
Lind, 1950, n.b. quality of absolute levels unknown) and data for the later period being 
provided by the Environment Agency. The sharp rise in the level of Oakmere during 
summer 1951 (marked in black on Figure 4.3) was artificial, being caused by pumping of 
136 Ml of water into the lake from a nearby borehole.
Aggregate extraction at Fourways commenced in 1971. It can be seen in Figure 4.3 that 
the average level of Oakmere between 1990, and 2000 (c. 72.4 maOD) was lower than its 
average level between 1945 and 1951 (c. 72.7 maOD). Whilst these lower levels could 
have been caused by the creation of the surface water lagoon at Fourways, they are 
thought more likely to be a reflection of the recognised (eg, Lind, 1951) medium- and 
longer-term fluctuations in the level of Oakmere, which are caused by fluctuations in 
groundwater level which are in turn caused by fluctuations in rainfall and groundwater 
recharge. The early- and mid-90s were exceptional periods of low rainfall, reduced 
groundwater recharge and falling groundwater levels, and this is likely to be the reason 
for the relatively low level of Oakmere during the nineties (eg, see Seymour, 1992) rather 
than an effect caused by the creation of the Fourways lagoon.
It should be noted that it would be difficult to attribute with any certainty a relatively small 
reduction in the level of Oakmere caused by the creation of the Fourways lagoon from the 
much larger (natural) seasonal and medium-term fluctuations of its level caused by 
climatic variation.
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The numerical modelling results presented in Section 3.2 showed that, under the 
assumption of a uniform hydraulic conductivity (20 m/d) throughout the sandsheet, the 
creation and operation of the Fourways lagoon should have reduced groundwater levels 
at Oakmere sufficiently for the lake to dry out. This has clearly not happened, and 
therefore it would appear that the assumption is invalid. The main departure of observed 
from simulated groundwater level conditions is the steep hydraulic gradient which has 
developed between Oakmere and the Fourways lagoon. The existence of this steep 
hydraulic gradient suggests that there are less permeable materials (ie, materials with a 
higher silt or clay content) between Oakmere and the Fourways lagoon which are acting 
in simple terms as a dam, maintaining the level of Oakmere. It is worth emphasising that 
the existence of poorly permeable materials between Oakmere and the Fourways lagoon 
is fortuitous and, were they not there, the level of Oakmere would probably have fallen 
significantly after the creation of the lagoon.
4.5 Fourways extension
The Fourways extension area is currently being worked. The base level for extraction is 
a uniform 72.5 maOD over the site, although Tarmac have undertaken to backfill the 
excavation with silty sand if this level proves to be very close to the water table (pers. 
comm. Cliff Minshall, Mar 2004). Restoration will consist of the addition of 0.5-0.7 m of 
soil (leading to a restored ground surface at 73-73.2 maOD) and re-vegetation to 
coniferous plantation and grassland.
Groundwater levels are monitored over the Fourways extension area in two series of 
piezometers, with data for the 97-series starting in either January 1998 or January 2000 
and data for the 01-series starting in November 2001. This site is unusual in that a 
uniform base level for excavation has been decided rather than a level based on local 
groundwater levels over the site. This means that, rather than estimating the thickness of 
the unsaturated zone at one piezometer location on the site and assuming that this 
thickness will be applicable to the whole site, it is necessary to estimate the thickness of 
the unsaturated zone at a number of points across the site.
Since the maximum period of groundwater level data coverage at the time of the project 
was only six years, not including the low groundwater levels during late-1997, it was 
decided that fitting the Heath Lanes long term groundwater level hydrograph to the 
available data was inappropriate. Instead, it was decided to develop a relationship 
between the groundwater levels over the sandsheet in December 2001 and the average 
groundwater levels. Considering Figures 4.1, 4.2 and 4.4, it can be estimated that on 
average the December 2001 groundwater levels were 0.8 m higher than the average 
groundwater levels (from the surrogate groundwater level hydrographs for 1971-2004).
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Table 4.1 Estimated groundwater levels and unsaturated depths upon restoration 
at various points within the Fourways extension site
Piezometer Boundary
location
GWL December 
2001
Estimated average 
groundwater level
Estimated average unsaturated zone 
thickness
FW97/P2 NW 70.74 69.94 3.06
FW01/P7 NE 71.21 70.41 2.59
FW01/P9 E central 72.62 71.82 1.18
FW01/P6 S 72.31 71.51 1.49
Table 4.1 presents estimated average groundwater levels and unsaturated depths upon 
restoration at four piezometer locations spread across the Fourways extension site. From 
this table it can be seen that the restored unsaturated zone thicknesses across the 
northern part of the site will mean that roots from coniferous trees will be unlikely to reach 
the water table except during periods of high groundwater levels. This is not the case 
over the eastern and southern parts of the site and, based on the estimates provided in 
Table 4.1, it is recommended that between 1.5 and 2 m thickness of silty sand is 
backfilled in order to achieve an unsaturated zone thickness (based on estimated 
average groundwater levels) of 3 m across the site.
4.6 Crown Farm
The Crown Farm site is currently working under a temporary working permission where 
the base level for extraction is 69 maOD over the south-western half of the site and 
68 maOD over the north-eastern half of the site (the dividing line being grid-line 
369800N).
A planning application has recently been submitted where the base level for extraction 
will be calculated as the groundwater level in February 2001 plus 0.5 m. It is assumed 
that this level will vary across the site according to the groundwater levels measured in 
the various piezometers. Restoration will involve an addition of 0.5 m soil with 
re-vegetation to heathland and grassland. There is a small surface water lagoon on the 
site which was created under a previous consent. A planning application has recently 
been lodged to retain the recently created shallow water bodies and change the 
predominant restoration of the site to heathland.
The assessment of the hydrogeological impacts of working at the site has been carried 
out according to the conditions specified in the recent planning application.
Groundwater levels at Crown Farm have been monitored in fourteen piezometers since 
February 1994. The period for which records are available (1994-2004) is relatively short 
in hydrogeological terms, and also includes some periods of atypical groundwater level 
conditions. In order to estimate a representative average groundwater level, the 
long-term hydrograph for Heath Lanes was again used, this time being fitted to the 
hydrograph for piezometer CF94/P11 at Crown Farm (Figure 4.4). Again a reasonable fit 
was achieved between the two hydrographs.
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Using the location of piezometer CF94/P11 as an example, the February 20Q1 
groundwater level was 69.31 maOD, meaning that the restored ground surface at this 
location will be 70.31 maOD. From Figure 4.4, it can be estimated from the surrogate 
groundwater level hydrograph that the average groundwater level at this location is 
around 68.6 maOD, giving an average unsaturated thickness upon restoration of around
1.7 m. The Crown Farm site will be restored to heathland, and therefore there is little risk 
that the roots from this vegetation will be able to access the water table directly for 
lengthy periods of time, and therefore it is unlikely that groundwater recharge will be 
reduced over the restored site. Hence, there is extremely little risk that the restored site 
will have any impact on the groundwater levels.
4.7 Delamere
The Delamere site is currently inactive, though a valid planning permission for extraction 
is held by Tarmac. Historically, extraction has been from below the water table by 
dredging. It is believed that the current consent is for the creation a relatively large and 
deep surface water lagoon.
The results of the numerical modelling presented in Section 3.2 predicted that the 
creation of large, deep surface water lagoons within the Delamere sandsheet is likely to 
have a significant impact on groundwater levels locally, including Oakmere and/or Abbots 
Moss cSACs. In relation to the Habitats Regulations, it is strongly recommended that 
large, deep surface water lagoons are not created within the sandsheet, and therefore 
that the consented method of working at the Delamere site is changed, unless a more 
detailed investigation can prove otherwise.
4.8 Kennel Wood
The Kennel Wood site is currently dormant. New planning conditions will be imposed 
prior to any extraction commencing. Abbots Moss cSAC lies only 700 m to the 
south-west of the site and it will therefore be relatively sensitive to any hydrogeological 
impacts caused by aggregate extraction.
For the reasons given in Section 4.7 above, it is strongly recommended that a large, deep 
surface water lagoon is not created at the Kennel Wood site.
In order to minimise the hydrogeological impacts of future aggregate extraction at the site, 
it is recommended that the ground surface is restored after working to the elevation of 
average groundwater' levels over' the site plus 2.0 m including topsoil. It is also 
recommended that the site is restored to grassland or heathland rather than coniferous 
plantation. In- order that average groundwater level can be decided, it is also3 
recommended that groundwater level monitoring at the site is started as soon""as*" 
possible.
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5 CONCLUSIONS AND RECOMMENDATIONS
Numerical modelling has been used to estimate the impacts on groundwater levels within 
the Delamere sandsheet (and therefore at the Oakmere and Abbots Moss cSACs) of 
various methods of aggregate extraction and site restoration. In summary, the modelling 
has shown:
1) The creation of large and deep surface water lagoons through wet working 
(ie, extraction of aggregates from below the water table) is likely to result in 
a significant lowering of groundwater levels over the sandsheet, and 
especially in the immediate vicinity of the lagoon. The lowering of 
groundwater levels is caused by:
• An effect on the groundwater balance, ie, a reduction in the amount 
of groundwater flowing through the sandsheet. There are two 
causes of this effect; 1) replacement of vegetated surfaces with 
open water causes a net reduction in groundwater recharge over 
the area of the lagoon, 2) aggregate extraction activities cause an 
export of water from the site, both through removal of damp sand 
and through enhanced evaporation during processing.
• Alteration of the local hydraulic properties of the sandsheet. 
Removal of aggregates from the below the water table removes the 
resistance to flow offered by the aggregates in situ. The creation of 
large and deep surface water lagoons has the effect of increasing 
transmissivity locally, causing a lowering of groundwater levels 
upgradient of the site.
Using the model, which was based loosely on the Oakmere and Fourways surface water 
lagoon situation, it was estimated that creation of a large and deep surface water lagoon 
could reduce groundwater levels by up to 3 m within 1 km of the lagoon. It would appear 
that this has not happened at Oakmere because of the existence of poorly permeable 
materials between Oakmere and the Fourways site. Nevertheless, based on the findings 
of the modelling, it is strongly recommended that further large and deep surface water 
lagoons are not created within the Delamere sandsheet unless more detailed risk 
assessment can prove that the effects on groundwater levels would be acceptable.
1882/R1
Wafer Management Consultants
Cheshire County Council
22 Conclusions and recommendations
2) Dry working sites can also have an impact on groundwater levels upon 
restoration. There are two possible effects:
• If the unsaturated zone thickness, based on average groundwater 
levels, over the restored site is less than 2.5 m for coniferous trees, 
and 1.5 m for grassland or heathland, groundwater recharge will be 
reduced because evapotranspiration will be less constrained by soil 
moisture deficits. For grassland, if the roots of the grass can reach 
the water table, groundwater recharge is likely to be reduced by 
around 30 mm (7.6%).
• Groundwater recharge within a coniferous plantation is around 
30 mm (7.6%) less than groundwater recharge over grassland. 
Hence, if a pre-extraction grassland is replaced post-extraction with 
coniferous plantation, there will be a local lowering of groundwater 
levels.
The estimated impacts on groundwater levels of restored dry working sites are much less 
than those for surface water lagoons. It is therefore recommended that in all cases, 
particularly when the site is close to a sensitive receptor (eg, a cSAC) it is ensured that 
the thickness of the unsaturated zone above average groundwater levels at restored sites 
is larger than the rooting depth of the restored vegetation, and that restoration to 
heathland or grassland is preferred over restoration to coniferous plantation.
In summary, from the viewpoint of maintaining favourable hydrological conditions at the 
various European conservation sites on the Delamere sandsheet, it is recommended that: 
a) there should be no extraction of aggregates from below the water table unless a 
detailed risk assessment can prove that the effects on groundwater levels and the 
associated hydro-ecology would be acceptable, and b) restoration of aggregate extraction 
sites should be planned such that the roots of the restored vegetation will not reach down 
to the average elevation of the water table.
Site specific risk assessments and recommendations for current and future (consented) 
aggregate extraction sites on the Delamere sandsheet are given in Section 4.
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